and XM-G chromocult coliforrn agar, chromogenic enzyme substrate medium method, conventional method, coliforms, foods, injured bacteria, To maintain food safety, various microbial examinations for detection and enumeration of pathogenic bacteria are regularly perforrned by quality assurance staffs, food inspectors, and other microbiological experts. Esche/'ichia coli and colifonus are bacteria particularly requiring monitoring, because they are indicators of the presence of foodborne pathogenlc bacteria as well as indicators of food quality.
Recently, new selective media using chromogenic substrates specific to targeting E. coli and coliforms have been developed and are currently commercially available (Manafi, 2000) . The media, namely, chromocult coliform agar (CCA) and XM-G, enable rapid detection of the bacteria. The detection mechanism is considerably different from that of conventional media, such as violet red bile agar (VRBA). A synthetic enzyme substrate with a chromogen is added to a culture medium. The chromogenic compound is liberated from the substrate by the action of a substrate-specific enzyme, resulting in development of its specific color. For detection of E. co/i, 5-brom0-4-chloro-3_ -indo]yl-~-D-glucuronide (X-GLUC), which consists of glucuronlc acid and a chromophore, is used as the enzyme substrate (Manah~ et a/., 1 99 1 ; Manafi, 1 996; 2000) . The substrate *TO whom correspondence should be addressed. E-mail : ogihara@brs.nihon-u,ac.jp X-GLUC is hydrolyzed by ~-glucuronidase produced by E.
coli. The released chromophore is blue (indigo blue) in color.
On the other hand, 5-brom0-4-chlor0-3-indolyl-~-D-galactopyranoside (X-GAL), 6-brom0-3-indolyl-~-galactopyranoside (SALMON-GAL) and 5-brorn0-6-chlor0-3-indolyl-P-D-galactopyranoside (MAGENTA-GAL) are used as the enzyme substrate for coliform detection (Manafi & Kneifel, 1 99 1 ; Manafi, 1996; Manafi, 2000) . These substances are hydrolyzed by ~-galactosidase, a lactose-digesting enzyme, resulting in development of a blue color for X-GAL, and reddish for the remaining two substrates. Including those specific substrates together in a medium made it possible to discriminate E. coli and coliforms simultaneously on an agar plate. There are many reports on the application of the detection method using the chromogenic enzyme substrate medium CCA to waters including drinking water (or water and wastewater) (Jeamini et a/., 1994; Alonso et a/., 1998; Byamukama et al., 2000; Geissler et a/., 2000; Fam- leitner et a/., 200 1 ; Schets et a!., 2002) . In contrast, the application of the medium to food samples was reported in only two papers as follows: Suwansonthichai and Rengpipat (2003) studied the comparison of the detectability of E. c'oli and coliforms in frozen black tiger shrlmp by this method and a conventional MPN technique. Turner et a/. (2000) compared the two methods to detect bacteria in 76 different food samples. In
Comparison of Collform Detection Methods those studies, however, the effects of damaged bacterial cells were not fully investigated. Understanding of the detection limit of injured cells using different media is important and needed, because bacteria cells injured by sterilization of food often cause serious problems during storage.
In the present study, the colifoam detection abilities of chromogenic enzyme substrate media CCA and XM-G were compared with those of a conventional medium in terms of their detection limits on coliforrns injured by freezing, heating and high-pressure treatment in reference to the total coliforms in food material collected from the market.
Materials and Methods
Cultul'ing media Non-selectlve media: TSA was purchased from Difco Laboratories (Detroit, MI, USA Freeze-injured cells: Five ml of the cell suspension was aseptically sealed in a Greiner vial (outside diameter, 12 mm; inside diameter, 10mm; Iength, 108 mm) with care not to introduce air bubbles. The vial was kept in a freezer ( -25'C) for 3 days; then the frozen vial was thawed by leaving it in a water bath at 5'C. Cells thus prepared were used as freeze- was aseptically placed in a screw-capped vial of which the slze was 1 1 .5 mm inner diameter, 70 mm long, and 4.75 mm thick. The vial was exposed to heat treatment in a water bath (Taitec Limited, EX, Tokyo) at 52"C for 20 min, then quickly cooled to 5'C. The chilled cells were used as heat-injured cells. High pressure-injured cells: The method for preparing high pressureinjured cells was previously described (Ogihara et a!., 1998) .
Five ml of the suspended cells was aseptically sealed in a Greiner vial of the same size. The vial was then exposed to high-pressure stress of 250 MPa at 25'C for 30 min in purified water using high-pressure apparatus (Model: HPV-80C20-S, Sugino Machine Limited, Toyama, Japan). Bac'te/~iological analysis The medium used for detection of coliforms exposed to freeze-stress, heat-stress and high-pressure stress was TSA as a non-selective medium, TSA/VRBA as a darnage-recovery medium, and VRBA, CCA and XM-G as selective mediums. Total cells were detected by using TSA.
Mix dilution of the culture was carried out at 35'C for 24 h and the number of colonies grown in the agar plate was counted. Damage repaired cells were detected according to the procedures described by Speck et al. (1975 Speck et al. ( , 1977 and Ray et a/. (1979) . The portion of the injured cell stock solution was inoculated to TSA for mix dilution. After the cells were incubated at 25'C for I h, VRBA was layered over the TSA, then incubated at 35'C for 24 h. The number of colonies grown on the plate was counted. For the conventional method of detecting coliforms (Vanderzant & Splittstoesser, 1992) , VRBA was double-layered af'ter mix dilution. After incubation at 35'C for 24 h, the colonies formed were counted. Bacteria detection using chromogenic enzyme substrate mediums CCA and XM-G (CCA and XM-G methods) was carried out according to the manufacturer's instruction. Cells were mix-diluted with the medium and incubated at 35'C for 24 h. The number of colored colonies was counted. The recovery rate (RP) of injured cells on medium X was calculated using the equation BC./BCTSAX l OO ("/o), where BC. is the bacteria counts in common logarithm on the medium X and BCTSA is the bacteria counts in common logarithm on TSA. Food sampling Various foods were purchased at small and large grocery stores and at department stores in Vancouver (Canada) and Tokyo (Japan), and they were transferred to our to each of CCA. XM-G, and VRBA, and the resultant agar plates were incubated at 3_ 5'C for 24 h. For VRBA, purple-red colonies were counted as colifonns (Vanderzant & Splittstoesser, 1992) . In order to compare the performance of CCA and XM-G with that of VRBA, the colony number of E. coli on CCA and XM-G was added to the number of coliforms. The total number of dark blue colonies and salmon-pink to red colonles were counted as coliforms on CCA, and the total of blueviolet to violet colonies and red colonies were counted as collforms on XM-G.
Statistic'a/ ana/.vsis Bacteria number obtained was presented in a base-10 Iogarithm with standard deviation. Correlation coefficient was calculated between bacteria numbers by a method used for analyses of food samples in comparison with those from another method used.
Results
Detectability oj' inju,~ed cel!s The chromogenic enzyme substrate medium methods and the conventional methods were applied to the detection of colifoams exposed to freeze stress caused by keeping the sample at -25'C for 3 days (Table 2) . When the logarithmic value of total colony number cultured on a non-selective medium. TSA, was regarded as 1000/0, the logarithmic colony number on VRBA/TSA, which is recommended as a recovery medium of injured bacteria, of coliforms exposed to freeze stress ranged t~rom 96 to 100% for 5 strains tested.
This indicates that the difference in bacterial number detected was slight (P=0.006) between the recommended medium VRBA and the non-selective medium TSA. The recovery rate on chromogenic enzyme substrate medium was 91-97% for CCA and 9 1-99% for XM-G, indicating no significant difference in the bacterial counts between the two mediums. In contrast, the number of colonies on VRBA was about one digit lower than those (P<0.01)with a recovery rate of 81-87% except for K. ozaenae. Thus, detectability of freeze-injured bacteria was lowest for VRBA. Table 3 shows the results on heat-injured bacteria. The highest recovery rate of bacteria injured due to the exposure to 52'C for 20 min was obtained in TSA/VRBA for E, coli and K. ozaenae and in CCA and XM-G for K, ozaenae and K. pneumoniae. Contrary to those chromogenic enzyme substrate mediums, the recovery on VRBA was worst (the recovery rate, 72-77%) for all bacteria except for K. ozaenae with the rate of 94% .
Detectabilities of high-pressure injured bacteria are shown in Table 4 . For all strains tested, colony numbers after the pressure treatment at 250 MPa for 30 min were generally less than the numbers after the t'reeze and heat treatments (except TSA and TSA/VRBA for freeze according to the paired t test). In particular, E. c'loacae and K. pneumoniae were very much affected by the pressure, as seen in the value of 1-2 Ioglo CFU/ml for VRBA. On the other hand, the recovery of pressurized bacteria was the largest on TSA/VRBA. The rate was 74-lOO% for every strain, followed by 32-96a/o for CCA and 37-95% f~or XM-G. In all strains except for K. pneumoniae, the recovery 
mean[LSD). /') Recovery percent:
The percent recovery efficien- rate on VRBA was the lowest among all mediums tested.
For the above three injury treatments, the detectability of injured bacteria was higher in the order of: damaged cell recovery medium TSA/VRBA, chromogenic enzyme substrate mediums CCA and XM-G, and the conventional medium VRBA.
Detectability of cohjlbl-ms in foods Most of the food samples had the colony number of 103~ Ioglo CFUlg, but some were in the range of 106-7 Iog lo CFUlg. The logarithmic bacterial numbers of 100 food samples detected on a medium are plotted agalnst the logarithmic bacteria numbers of the same samples detected on another medium in Figs. 1-3 . The plot of CCA data, on the y-axis, against VRBA data on the x-axis (Fig.  1) gave the regression equation y= I .O018x -0.0404 with a positive correlation (/'=0.89). The correlation coefficient, /-=0.91, of the XM-G vs. VRBA plot (Fig. 2) was higher than that of CCA vs. VRBA plot, suggesting that the XM-G method, rather than the CCA method, brings about results similar to the VRBA conventional method. This result proposes that XM-G is preferable to CCA in detecting coliforms in foods. Higher correlation coefficient (/'=0.91) was also obtained in the plot between XM-G vs. CCA (Fig. 3) , indicating that there is good correlation between these two tested chromogenic enzyme substrate media. The regression equations of XM-G-VRBA and XM-G-CCA plots were y=0.9678 x-0.0389 and y=0.9178 x+0.2039, respectively. Consequently, it was proved that CCA and XM-G are competitive with VRBA in detecting coliforms in foods.
Discussion
In the food industry, various treatments including heating are applied to control and suppress microbial growth. These treatments play important roles in keeping foods safe as well as preserving them. For the purpose of quality assurance and control, various test methods to detect E. coli and coliforms have been utilized in the industry. The conventional methods like VRBA, however, often fail to detect bacteria damaged by various stresses through food processing; so it is possible to lose conh~-dence in their detectability as an indicator of contaminated bacteria. Coliforms exposed to heating and freezing treatments are often undetectable by VRBA because some components such as bile salts in the medium would delay or inhibit the growth of injured coliforms. Therefore, as a method for testing food samples exposed to those stresses, it is advisable to use a plate double-layered with VRBA, a selective medium after recovery of injured cells with a non-selective medium (Speck et a!., 1975; 1 977; Ray, 1 979) . Nevertheless, the procedure of the advised method is so complicated that it appears inconvenient and not suitable to use for routine quality control purposes. It is necessary to establish a simple detection method capable of detecting injured bacterla with high probability. The chromogenic enzyme substrate mediums, CCA and XM-G, do not contain potent bacteria growth suppressors like bile salts and thus their procedures are simple. Accordingly, CCA and XM-G were applied to detect injured coliforms. In the test of coliforms exposed to freezing, heating and high-pressure, the detectability was higher with CCA and XM-G than with VRBA, and their recovery rates were similar to a damage-recovery medium TSA/VRBA, rather than to VRBA. The high detectabilities in CCA and XM-G are presumably attributable to the absence of bile salts, a powerful growth inhibitor for Gram-positive bacteria, which could cause the growth inhibition of injured cells.
In the chromogenic enzyme substrate medium methods, sodium laurylsulphate was used as a compound to inhibit Gram-positive bacteria. The effect of sodium laurylsulphate on the growth of injured cells is assumed to be weaker than bile salts. Additionally, sodium pyruvate added to the medium would have been effective to restore the injured bacteria (Czechowicz et a!., 1996) . Coliform on VRBA is detected by taking advantage of both ~-galactosidase and membrane per- for XM-G and VRBA. When VRBA data was employed as a criterion for coliform detection, the data on XM-G were slightly better than those on CCA.
There are only a few reports on evaluation of chromogenic enzyme substrate media. Turner et a!. (2000) have published the evaluation of CCA using 70 kinds of food samples. The correlation coefficient was 0.86 for CCA and VRBA; thus, they concluded that CCA was effective for self-testing of foods. The correlation coefficient reported in their study was slightly lower than the value (0.89) of the present study. At any rate, the data with the CCA method were highly correlated with those obtained from the conventional method, suggesting that the former can be used satisfactorily. The drawback is that indiscernible colonies are occasionally observed on CCA and XM-G plates, with the occurrence of such an error greater in analysis of less-diluted foods. This is probably due to insufficient color development resulting from incomplete enzymatic reaction. In addition, it is thought that some factors included in foods have interfered with or inhibited the coloration of colo-H. OGIHARA et a!.
nies. For more efficient application of CCA and XM-G, it is necessary to carry out investigations to identify such inhibitory factors in food sampling. Therefore, the chromogenic enzyme substrate medium method should be carefully employed when it is applied to food samples.
A new method using other types of chromogenic enzyme substrates that allows simultaneous detection of diff'erent kinds of bacteria was developed and evaluated by Carricajo et a/. ( 1999) . In the near future, such an approach will make it possible to analyze microfiora in food. Many kinds of assay kits for rapid convenient bacterial detection using various color enzyme media, such as Simplate (Townsend et a/., 1998; 2002), Compactday (Mizuochi et a/. 2000; Ogihara et a/., 2003) , and Petrifilm EC (Curiale et al., 1991; Ganger et a!., 1999) are commercially available. Some of them have been evaluated to be effective and are practically utilized.
The detectability of injured bacteria was significantly higher by the chromogenic enzyme substrate medium method than by the conventional, and the test results for food products on the market were highly correlated between the two methods. If one employs CCA or XM-G after understanding its characteristics and the foods with substances known to interfere, the method is very useful and reliable. Based on these findings, the chromogenic enzyme substrate medium method is recommended for self-testing of foods, although there still remain some problems to solve.
